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XQORDGLQJUDWLRLVDURXQGVLQFHWKHEHJLQQLQJRIWKHXQORDGLQJFXUYHLVDGHTXDWHWRSURYLGHDOOSDUDPHWHUVIRUWKH
FDOFXODWLRQRIHODVWLFPRGXOXV7KHFXUYHREWDLQHGIURPH[SHULPHQWLVVKRZHGLQ)LJ7KHLQGHQWHUXVHGLQWKLV
UHVHDUFKLVDWXQJVWHQFDUELGHEDOOZLWK(L *3DDQG9L 
7KH XQLD[LDO WHQVLOH WHVW LV DOVR FDUULHG RXW RQ WKH VDPH PDWHULDO WR YHULI\ WKH UHVXOW RI WKH FRQWLQXRXV EDOO
LQGHQWDWLRQWHVW7KHXQLD[LDOWHQVLOHWHVWXVHV,QVWURQWHVWLQJPDFKLQHZLWKORDGLQJUDWHIL[LQJDWPPPLQ
7DEOH7KHFKHPLFDOFRPSRVLWLRQRI0Q5DQG%VWHHOZW
(OHPHQWV & 0Q 3 6 6L &U 0R $O 1L 9 1E 7L &X
0Q5             
%             


)LJ([SHULPHQWDOORDGYVGLVSODFHPHQWFXUYH
5HVXOWVDQG'LVFXVVLRQ
4.1. The change in elastic modulus 
7KHGHFUHDVHRIHODVWLFPRGXOXVLQWKHFRQWLQXRXVLQGHQWDWLRQWHVWFDQLQGLFDWHWKHDFFXPXODWLRQRIGDPDJHLQWKH
PDWHULDOZKLFKFDQEHGLYLGHGLQWRWZRVWDJHVDVVKRZHGLQWKH)LJ
$W WKH ILUVWVWDJH WKHHODVWLFPRGXOXVGURSVVKDUSO\PDLQO\EHFDXVHDKLJKO\FRQFHQWUDWHGGHIRUPDWLRQILHOG LV
JHQHUDWHGEHQHDWKWKHLQGHQWHUGXHWRHIIHFWRIKLJKO\FRQVWUDLQWIURPWKHVXUURXQGLQJPDWHULDODVVKRZHGLQ)LJ
DZKLFKPHDQVWKHGDPDJHLQWKHPDWHULDOLVDFFXPXODWHGTXLFNO\


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
)LJ7KHHODVWLFPRGXOXVZLWKLQFUHDVLQJLQGHQWDWLRQGHSWK


)LJ6FKHPDWLFRILQGHQWDWLRQILVWVWDJHDDQGVHFRQGVWDJHE
7KHQ WKH GHIRUPDWLRQ FRPHV LQWR WKH VHFRQG VWDJH LQ ZKLFK WKH HODVWLF PRGXOXV GURSV VORZO\ EHFDXVH WKH
GHIRUPDWLRQVSUHDGVWRWKHVXUIDFHRIWKHVDPSOHDQGWKHFRQVWUDLQWLVUHOHDVHGWRDFHUWDLQH[WHQWZKLFKUHVXOWVWKH
VWUHVVVWUDLQFRQFHQWUDWLRQFDQQRWEHDVKLJKDV WKHILUVWVWDJH7KHGURSRIHODVWLFPRGXOXV LQ WKH LQGHQWDWLRQ WHVW
UHSUHVHQWVWKHGHFD\RIPHWDOOLFSURSHUW\ZKLFKLVQRWXQLIRUPVLQFHFRQVWUDLQVWDWHLVFKDQJHG
4.2. The failure point in the indentation test 
6LQFHWKHDFFXPXODWLRQRIGDPDJHLQWKHVDPSOHLVQRWXQLIRUPGXULQJWKHLQGHQWDWLRQWHVWDQGWKHUHLVDWXUQLQJ
DUHD EHWZHHQ WKH ILUVW VWDJH DQG WKH VHFRQG VWDJH 7KH WXUQLQJ SRLQW FDQ EH LGHQWLILHG DV WKH IDLOXUH SRLQW RI WKH
PDWHULDOEHQHDWKWKHLQGHQWHU7KHFRUUHVSRQGLQJUHODWLRQVKLSEHWZHHQYRLGYROXPHIUDFWLRQDQGLQGHQWDWLRQGHSWK
FDQEHREWDLQHGIURP(Ta(TDVWKHVKRZHGLQWKH)LJ
ED
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
)LJ7KHYRLGYROXPHIUDFWLRQZLWKLQFUHDVLQJLQGHQWDWLRQGHSWK


)LJ7KHYRLGYROXPHIUDFWLRQYHUVXVLQGHQWDWLRQGHSWK0Q5

)LJ7KHFRPSDULVRQRIDUHDUHGXFWLRQUDWHREWDLQHGIURPLQGHQWDWLRQDQGWHQVLOHWHVW
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=HQHU >@ DQG '\VNLQ HW DO >@ SURSRVHG GLVORFDWLRQ SLOHXS PRGHO DQG DQJOHG FUDFN JURZWK PHFKDQLVP
UHVSHFWLYHO\ ZKLFK FDQ EH XVHG WR H[SODLQ WKH YRLG QXFOHDWLRQ DQG JURZWK XQGHU WKH FRPSUHVVLYH IRUFH 7KH
IRUPDWLRQRIYRLGVUHVXOWVIURPWKHHIIHFWRIORFDOL]HGVKHDUVWUHVVEHQHDWKWKHLQGHQWHU7KHYRLGYROXPHIUDFWLRQ
LQFUHDVHV GUDPDWLFDOO\ ZLWK WKH HODVWLF PRGXOXV GURSSLQJ VKDUSO\ EHFDXVH WKH KLJK FRQVWUDLQW LQGXFH KLJKO\
FRQFHQWUDWHGVKHDUVWUHVV8QGHUWKHHIIHFWRIWKHKLJKO\FRQFHQWUDWHGVKHDUVWUHVVWKHSURSHUW\RIPDWHULDOLVTXLFNO\
GHFD\LQJ7KHQWKHGHIRUPDWLRQVWHSVLQWRWKHVHFRQGVWDJHDVVKRZHGLQ)LJEWKHFRQVWUDLQWLVUHOHDVHGZLWK
WKHGHIRUPDWLRQH[SDQGVWRWKHVXUIDFHRIPHWDOFDXVLQJWKHJURZWKRIYRLGYROXPHIUDFWLRQVORZLQJGRZQ,QRUGHU
WR JHW WKH WXUQLQJ SRLQW WKH OLQHDU ILW LV FDUULHG RXW RQ WZR VWDJHV RI LQGHQWDWLRQ WHVW DV VKRZHG LQ )LJ  WKH
LQWHUVHFWLRQRI WZRVWUDLJKW OLQHV LVGHILQHGDV WKH IDLOXUHSRLQW7KH LQGHQWDWLRQGHSWKRI WKH IDLOXUHSRLQW FDQEH
REWDLQHGIURPWKLVSRLQWDQGWKHQWKHDUHDUHGXFWLRQUDWHFDQEHFDOFXODWHGWKURXJK(Ta(T$VVKRZHGLQ
)LJ  WKH IDLOXUH LQGHQWDWLRQ GHSWK RI 0Q5 LV PP DQG WKH FRUUHVSRQGLQJ YRLG YROXPH IUDFWLRQ LV 
ZKLFK LV FRQVLVWHQW ZLWK WKH UHVXOWV RI RWKHU UHVHDUFKHUV $QGHUVVRQ >@ SURSRVHG WKH YRLG YROXPH IUDFWLRQ RI
GXFWLOHPDWHULDOLVZKHQWKHFUDFNEHJLQWRJURZWKURXJKQXPHULFDODQDO\VLVPHWKRG-XQN6XN/HHHWDODOVR
DGRSWHG WKDW FULWLFDO YRLG YROXPH IUDFWLRQ LV  DQG YDOLGDWHG LW WKURXJK LQWHUUXSWHG WHQVLOH WHVW 'XULQJ WKH
LQGHQWDWLRQ WHVW YRLGV QXFOHDWH LQ WKH GXFWLOHPDWHULDO XQGHU WKH HIIHFW RI ORFDOL]HG VKHDU VWUHVV:KHQ WKH YRLG
YROXPH IUDFWLRQ DUULYHV WR D FULWLFDO YDOXH FULWLFDO YRLG YROXPH IUDFWLRQ YRLGV EHJLQ WR JURZZKLFKPHDQV WKH
PDWHULDOUHDFKHVWKHIUDFWXUHLQLWLDWLRQSRLQW:LWKWKHLQGHQWDWLRQGHSWKLQFUHDVLQJIXUWKHUYRLGVEHJLQWRFRDOHVFH
DQG WKH YRLG YROXPH IUDFWLRQ LQFUHDVHV WR IDLOXUH SRLQW ZKLFK PHDQV WKH PDWHULDO ZLOO FROODSVH VRRQ 7KH YRLG
YROXPHIUDFWLRQDWWRWDOIDLOXUHSRLQWLVZKLFKLVDOLWWHUKLJKHUWKDQWKHFULWLFDOYRLGYROXPHIUDFWLRQXVHGE\
$QGHUVVRQDQG-XQN6XN/HHHWDO
4.3. Calculation of area reduction rate 
$FFRUGLQJ WR WKH PHWKRG PHQWLRQHG DERYH WKH IDLOXUH LQGHQWDWLRQ GHSWK RI 0Q5 LV PP WKH
FRUUHVSRQGLQJPXOWLD[LDOVWUDLQLVZKLFKLVFDOFXODWHGWKURXJK(TDQG(T7KHVWUHVVWULD[LDOLW\LVDOVR
QHHGHGZKLFK FDQEH FDOFXODWHG IURP(T ZLWK ILQLWH HOHPHQWPHWKRG$*71PRGHOZDVEXLOW LQ WKH ILQLWH
HOHPHQWSURJUDP$%$486WRLGHQWLI\WKHDEVROXWHYDOXHRI7)ZKLFKLVDURXQG7KHPDWHULDOSDUDPHWHU P LV
GHILQHGRQWKHEDVLVRI\LHOGDQGWHQVLOHVWUHQJWKZKLFKDOVRFDQEHREWDLQHGIURPVSKHULFDOLQGHQWDWLRQWHVW0DQ\
SHRSOH KDYH GLVFXVVHG WKHPHWKRG RI REWDLQLQJ WHQVLOH SURSHUW\ WKURXJK EDOO LQGHQWDWLRQ WHVW ZKLFKZLOO QRW EH
GLVFXVVHGKHUH,QWKLVUHVHDUFKWKHYDOXHRI\LHOGDQGWHQVLOHVWUHQJWKLVGLUHFWO\REWDLQHGIURPWUDGLWLRQDOWHQVLOHWHVW
$VDNLQGRIIHUULWLFVWHHOVWKHSDUDPHWHU VOD RI0Q5LV7KURXJKWKH(TWKHYDOXHRIXQLD[LDOVWUDLQLV
7KHQWKHDUHDUHGXFWLRQUDWHFDQEHFDOFXODWHGIURP(TWKHUHVXOWLVVKRZHGLQWDEOH7KHFRPSDULVRQRIDUHD
UHGXFWLRQUDWHFDOFXODWHGE\LQGHQWDWLRQDQGWHQVLOHWHVWLVDOVRVKRZHGLQ)LJ
7DEOH$UHDUHGXFWLRQUDWHREWDLQHGIURPEDOOLQGHQWDWLRQDQGWUDGLWLRQDOWHQVLOHWHVW
$UHDUHGXFWLRQUDWH ,QGHQWDWLRQWHVW 7HQVLOHWHVW
0Q5  
%  

$V VKRZHG LQ )LJ  WKH DUHD UHGXFWLRQ UDWH JRW IURP LQGHQWDWLRQ WHVW LV VLJQLILFDQWO\ KLJKHU WKDQ WKH UHVXOWV
REWDLQHG IURP WHQVLOH WHVW 6HYHUDO UHDVRQV PD\ LQGXFH WKLV UHVXOW 6LQFH WKHUH LV QR IUDFWXUH KDSSHQLQJ LQ WKH
LQGHQWDWLRQWHVWWKHGHIRUPDWLRQFDQEHPRUHDGHTXDWH,QWKHWHQVLOHWHVWIUDFWXUHKDSSHQVEHIRUHWKHGHIRUPDWLRQ
FRPSOHWLQJZKLFKFDXVHVWKHGHIRUPDWLRQGHJUHHLQWKHWHQVLOHWHVWLVORZHUWKDQWKDWLQWKHLQGHQWDWLRQWHVW
7KH ORFDO VWUDLQ OLPLW FULWHULRQPHQWLRQHG LQ WKH$60(9,,,DOWHUQDWLYH UXOHV LV DNLQGRI DSSUR[LPDWH
PHWKRG XVHG LQ HQJLQHHULQJ SUDFWLFH ZKLFK DGRSW VRPH FRQVHUYDWLYH PDWHULDO FRQVWDQWV WR HQVXUH WKH VDIHW\ RI
YHVVHOV7KHVHPDWHULDOSDUDPHWHUVPD\EULQJVRPHXQH[SHFWHGLQIOXHQFHWRWKHUHVXOWZKLFKQHHGWREHGLVFXVVHGLQ
IXUWKHU VWXG\7KRXJK WZR NLQGV RI IHUULWLF VWHHOV DUH FRYHUHG LQ WKLV LQYHVWLJDWLRQ RWKHU W\SHV RI VWHHOV DUH DOVR
QHHGHGWREHWDNHQLQWRDFFRXQW
1620   B. Zou et al. /  Procedia Engineering  130 ( 2015 )  1612 – 1621 
&RQFOXVLRQ
7KHGDPDJHLVDFFXPXODWHGLQWKHPDWHULDOGXULQJWKHEDOOLQGHQWDWLRQWHVWZLWKYRLGVQXFOHDWLQJDQGJURZLQJ
7KHUHGXFWLRQRIHODVWLFPRGXOXVFDQLQGLFDWHWKHGDPDJHHYROXWLRQZKLFKFDQEHGLYLGHGLQWRWZRVWDJHV,QWKHILUVW
VWDJHWKHHODVWLFPRGXOXVGURSVVKDUSO\ZLWKWKHGDPDJHTXLFNO\DFFXPXODWLQJLQWKHPDWHULDOGXHWRWKHFRQVWUDLQW
IURPWKHVXUURXQGLQJPDWHULDORIGHIRUPHGDUHD7KHQWKHGHIRUPDWLRQVWHSVLQWRWKHVHFRQGVWDJHWKDWWKHGURSSLQJ
RIHODVWLFPRGXOXVVORZVGRZQEHFDXVHRIWKHUHOHDVHRIFRQVWUDLQW,QWKLVVWDJHWKHJURZLQJUDWHRIYRLGYROXPH
IUDFWLRQLVDOVRDSSURDFKLQJWRDFRQVWDQWYDOXHVLQFHWKHGHJUHHRIFRQVWUDLQWLVGHFUHDVLQJ
7KHWXUQLQJSRLQWEHWZHHQWZRVWDJHVFDQEHLGHQWLILHGDVWKHIDLOXUHSRLQWRIPDWHULDOEHQHDWKWKHLQGHQWHU,Q
RUGHUWRREWDLQWKHIDLOXUHSRLQWOLQHDUILWRIWZRVWDJHVLVFDUULHGRXWDQGWKHLQWHUVHFWLRQLVGHILQHGDVWKHIDLOXUH
SRLQW7KHLQGHQWDWLRQGHSWKDWWRWDOIDLOXUHFDQEHLGHQWLILHGDQGWKHFRUUHVSRQGLQJYRLGYROXPHIUDFWLRQLVREWDLQHG
ZKLFKLVFRQVLVWHQWZLWKRWKHUVFKRODUV
7KHORFDOVWUDLQOLPLWFULWHULRQLVDGRSWHGLQWKLVUHVHDUFKWRWUDQVIRUPWKHPXOWLD[LDOVWUDLQLQWKHLQGHQWDWLRQ
WHVWLQWRWKHXQLD[LDOVWUDLQLQWKHWHQVLOHWHVW7KHDUHDUHGXFWLRQUDWHFDQEHFDOFXODWHGWKURXJKWKHXQLD[LDOVWUDLQ
7ZR PHWDOOLF PDWHULDOV 0Q5 DQG % DUH DGRSWHG LQ WKLV VWXG\ 7KH DUHD UHGXFWLRQ UDWH REWDLQHG WKURXJK
VSKHULFDOLQGHQWDWLRQWHFKQLTXHLVDOLWWOHKLJKHUWKDQWKDWJRWIURPXQLD[LDOWHQVLOHWHVW
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